Losing streams that are influenced by wastewater treatment plant effluents and combined sewer overflows (CSO's) can be a source of groundwater contamination. Released micropollutants such as pharmaceuticals, endocrine disrupters and other ecotoxicologically relevant substances as well as inorganic wastewater constituents can 5 reach the groundwater, where they may deteriorate groundwater quality. This paper presents a method to quantify exfiltration mass flow rates M ex of wastewater constituents from losing streams by the operation of integral pumping tests (IPT's) upand downstream of a target section. Due to the large sampled water volume during IPT's the results are more reliable than those from conventional point sampling.
Introduction
Contamination of streams and groundwater by substances that originate from wastew- 20 ater have been reported in many studies (Eiswirth et al., 2004; Vazquez-Sune et al., 2005; Ellis, 2006) . Streams can become contaminated, for example, from wastewater treatment plant discharge containing contaminants that are not completely eliminated during the treatment process. Untreated wastewater is discharged to streams during combined sewer overflows (CSO's) where it leads to increased loadings of wastewa-taminated streams with alternating conditions between losing and gaining may pose a threat to groundwater quality. Micropollutants such as persistent pharmaceuticals, originating primarily from wastewater, have become emerging contaminants in surface water and groundwater (Fenz et al., 2005; Schwarzenbach et al., 2006; Schirmer and Schirmer, 2008) . Various groundwater studies have focused 5 on the occurrence of these substances during bank filtration (e.g. Heberer, 2002) , but few studies exist on the transport of wastewater constituents from losing streams to the groundwater under natural conditions. This paper aims to improve the knowledge on the influence of temporally losing streams on groundwater quality by presenting a method to estimate exfiltration mass 10 flow rates M ex of wastewater constituents from a stream during losing conditions. The approach of Kalbus et al. (2007) that uses integral pumping tests (IPT's; Bayer-Raich et al., 2004) for the estimation of mass fluxes J at the stream-aquifer interface of gaining streams was extended to the application to losing streams. The study was performed in 2008 at a test site in Leipzig, Germany . The anal-15 ysis was derived for four inorganic substances (K + , Cl − , NO − 3 and SO 2− 4 ) as well as for the micropollutants caffeine (CAF) and technical-nonylphenol (NON). We operated IPT's up-and downstream of the investigated target section to account for heterogeneous concentration patterns in the vicinity of the stream. On the one hand, we faced varying concentrations resulting from heterogeneities in the aquifer and the fluctuating 20 household-related input of wastewater to the stream during dry-and wet-weather conditions. Under these conditions, sampling during long-time pumping with IPT's yields more reliable average concentrations c av than conventional point sampling in space and time. On the other hand, natural hydraulic gradients between stream and groundwater are disturbed by pumping. The dimensioning of the IPT needs to account for 25 this by increasing the distance between the pumping well and the stream so that the capture zone of the pumping well does not reach the groundwater that is influenced by the intensified exfiltration from the stream. The mass flow increase ∆M downstream of the investigated stream yields M ex .
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In order to interpret the concentrations and mass flow rate data from IPT's, processes that influence the concentration pattern in the groundwater need to be defined. We assume that the following processes (a) to (h) may occur at the test site. Exfiltration water concentrations from the stream are influenced by (a) temporally high concentrations in the stream as a result of variable wastewater treatment plant effluents and CSO's in 5 the upper catchment of the stream, (b) retardation in the streambed, (c) degradation in the streambed and (d) exchange with storage pools in the pore water of the streambed and the stream banks that are fed during times of high water levels in the stream. Concentrations of target substances in the groundwater increase or decrease along the flow path from the upstream to the downstream wells due to (e) mixing of groundwater 10 with exfiltration water from the stream, (f) hydrodynamic dispersion and mixing with groundwater recharge, (g) retardation in groundwater and (h) degradation in groundwater. Additional concentration measurements in the stream and in a connected sewer at the test site were performed to identify these processes.
Materials and methods

15
Test site
The investigated stream Bauerngraben (Fig. 1) is located in the urban area of the city of Leipzig (Germany). The small, artificial watercourse is constructed of cobbled pavement, whose joints are filled with sand. It has an average width of 1 m in the study area. The inflow to the Bauerngraben originates from a flood protection reservoir 20 and is controlled by a weir. Under dry-weather conditions the Bauerngraben has a discharge of 0.01 to 0.03 m 3 s −1 . The Bauerngraben is strongly influenced by three outlet pipes for CSO's that are located in the east of the test site (only one is shown in Fig. 1 ). Due to the controlled inflow to the Bauerngraben, water level fluctuations in the stream are mainly an effect of CSO's. In the period from April 2006 to April 2007 fluctuations between 10 and 105 cm. Observation wells near the Bauerngraben show variable groundwater levels that are above the streambed in winter and below it in summer. The IPT's were performed during losing conditions of the Bauerngraben.
The stratigraphy below the study area consists of Tertiary fine sands overlain by a Quaternary sand and gravel layer. The Quaternary sediments form a highly permeable 5 aquifer with a hydraulic conductivity K of 3×10 −4 to 4×10 −3 ms −1 . Heterogeneous floodplain loams with an average thickness of 1.5 m cover the aquifer. Ram sounding in the streambed of the Bauerngraben indicated no floodplain loam below the investigated reach.
Observed wastewater constituents
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The four inorganic substances (K + , Cl − , NO − 3 and SO 2− 4 ) and two micropollutants (CAF and NON) were chosen according to preliminary studies (Musolff et al., 2007; Reinstorf et al., 2008) in which these substances had already been used as wastewater indicators. Regarding possible sources of the chosen wastewater constituents, K + originates from laundry discharge (Wolf et al., 2007) . Large amounts of Cl − are washed from 15 roads during the winter period when road salting occurs (Mayer et al., 1999) , but other sources are also known (e.g. dishwashers). Nitrification of NH + 4 , which can originate from urine, is a common source of NO (Barrett et al., 1999) . CAF is a constituent of different beverages such as coffee or tea and of numerous food products (Buerge et al., 2003) . (NON) is used for the production of non-ionic tensides, thus it originates mainly from industrial wastewater and laundry (Bradley et al., 2008) .
IPT method background
Average concentrations c av and mass flow rates M CP along control planes (CP) in an aquifer can be reliably estimated by the IPT method . The 25 CP's are oriented perpendicular to the natural groundwater flow direction and con-4213 tain one or more pumping wells. Long-time pumping (several days) of the wells and simultaneous sampling gives more reliable information about c av and M CP at the predefined CP than conventional point sampling, because the sampled volume is larger and small-scale plumes cannot be missed. The code CSTREAM (Bayer-Raich, 2004) can be used to estimate c av and M CP from the obtained concentration-time series by 5 using the data from a one-layer Modflow groundwater model. The resulting isochrones define the boundary of the capture zone for the respective sample at this time. Successful operations of IPT's are reported in Bockelmann et al. (2003) , Bayer-Raich et al. (2006) and Kalbus et al. (2007) .
IPT design at the study area
10
Four IPT wells (11, 12, 13 and 14) , two upstream and two downstream of the Bauerngraben, were drilled in the study area ( Fig. 1) and screened along the Quaternary aquifer with HDPE-tubes. Over a period of five days (28 May to 2 June 2008), wells 11, 12 and 13 were operated with a pumping rate of 1 Ls −1 . Due to operational problems at well 14, pumping was reduced to 0.5 Ls −1 and stopped already after 32 h. The stan-15 dard parameters of pH, electrical conductivity, oxygen content and temperature were measured in the pumping wells during the entire pumping period. The drawdown in 12 observation wells was measured at least every 2 h (with shorter intervals directly after the beginning of pumping) using a water level logging device in the pumping wells. The parameters of hydraulic conductivity K =4.5×10 −4 ms −1 , gradient i =4.1×10 −3 and effective porosity n e =0.2 were estimated from various field measurements and set for water flow calculations. Water levels in groundwater on 25 May before the start of pumping were measured to be 20 cm below the streambed of the Bauerngraben, indicating that water was flowing from the Bauerngraben to the groundwater. Due to the disconnection between the stream and groundwater, pumping-induced drawdown would not increase the leakage from the Bauerngraben. Therefore, the leakage was implemented as a constant discharge rate Q ex . Best fitting of observed to simulated water levels at the observation wells was obtained for a Q ex of 85 L m stream d. The average deviation between the simulated and observed water levels was 3 cm. Isochrones for the respective sampling schedule and streamlines ( Fig. 1) were obtained by the 10 particle tracking code Modpath. In order to get a complete overlapping of the upstream CP's (13, 14) by the downstream CP's (11, 12), the considered volume was reduced by neglecting samples of wells 12 and 13 at the end of the pumping period ( Fig. 1) . The CP lengths of wells 13 and 14 define the width b of the streamtubes 1 and 2. These streamtubes were used for mass balance calculations between the 
IPT evaluation
M ex = M CP Y − M CP X L BG ,(1)
Sampling in groundwater, surface water and wastewater
Groundwater samples were taken during the pumping period 28 May to 2 June 2008 from a tap at the IPT wells following a predefined schedule: inorganic samples every 4 h and organic samples every 8 h. After 56 h the sampling frequency for organic 5 substances was reduced to 16 h. Surface water sampling was completed with an automatic sampling device that pumped surface water from the Bauerngraben (location in Fig. 1 ) to storage bottles every 5 min during the period 17 May to 2 June 2008. A reduction of the sample number from the surface water was achieved by mixing all 5 minutes samples from one day in one bottle. The obtained 17 mix-samples were ana-10 lyzed for the target substances. In a former study (Leschik et al., 2009) , grab samples of wastewater were taken from a sewer that was connected to the overflow pipe which discharges into the Bauerngraben (Fig. 1) . These samples were picked during a 24 h period in February 2008 at an interval of 2 h for inorganic analysis and 8 h for organic analysis to quantify daily concentration variations of target substances. ).
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The sample preparation for micropollutant analysis was derived by solid phase extraction to enrich the target compounds from the water samples. Before they were concentrated, samples (1 L, pH at about 7) were filtered through a glass fiber filter and spiked with the internal standards (100 ng 4-n-nonylphenol). The filtrates were adjusted to pH 2 and concentrated by SPE using a sorbent mixture (C18 and Lichrolut ® EN) sorbent was dried under inert gas and finally eluted with methanol and acetone. After evaporation of the solvent to a final volume of 300 µL a cleanup with silica gel was accomplished using a mixture of acetone and hexane. Evaporation of the solvent to a volume of 200 µL gives the sample for GC-MS analysis. The GC-MS analyses of the micropollutants were performed using a Varian GC/MS 
Concentrations of wastewater constituents in groundwater
Concentration-time series and standard parameters of the IPT wells were evaluated in order to derive concentration differences ∆c between the wells, especially downstream of the Bauerngraben. These ∆c's identify how the inflow from the Bauerngraben influences the groundwater quality at the test site.
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The measured pH of 6.2 to 6.4, an oxygen content of 0 to 1 mg L −1 and temperatures 4217 of 9 to 10 • C obtained from the wells during the pumping period did not indicate a large difference between the pumped water from different locations, whereas the electrical conductivity in well 12 of 1360 to 1450 µS cm −1 in comparison to the other wells (1260 to 1370 µS cm −1 ) points to a difference in the ion composition of the groundwater. The influence of the Bauerngraben can be identified by higher concentrations of K + ,
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Cl − and lower concentrations of SO 2− 4 at the downstream wells 11 and 12 (Fig. 2 ). NO − 3 shows a similar concentration gradient between upstream and downstream wells with increased concentrations downstream of the Bauerngraben in both streamtubes, but concentrations in streamtube 2 are generally higher than in streamtube 1. This is caused by heterogeneous inflows of wastewater constituents upstream of the test A higher variability in the concentration-time series for micropollutants in comparison to inorganic substances points to a more heterogeneous concentration pattern of 20 micropollutants in the groundwater. Due to these high variations, the identification of micropollutant ∆c values between IPT wells from concentration-time series alone is not feasible. A more reliable comparison of the average concentration c av at the IPT wells was conducted using M CP and J CP values from the CSTREAM code calculations.
Mass flow rates of wastewater constituents
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Values of M CP from IPT's depend on the estimated water flow through the CP. Since the CP length L CP is defined by the isochrone shape, in this section we will briefly discuss these isochrones. The isochrone shape in Fig. 1 is influenced by pumping-inducedinteraction between wells and natural groundwater flow, which shifts the isochrones upstream. At the end of the pumping period, the capture zones of wells 11 and 12 reach areas of the aquifer that are upstream of the Bauerngraben, thus measured concentrations at this time are mixed between up-and downstream groundwater. As the concentration-time series did not show a significant change in the water composi-tion at this time, and the pumped upstream volume is small compared to the pumped downstream volume, this was neglected for the evaluation of the IPT's.
The obtained M CP s and J CP 's (Table 1) ) that was implemented in the groundwater model. A spatially variable Q ex as a boundary condition for the groundwater model was not assigned because the influence of the 5 stream on the groundwater flow is limited. Streamlines in Fig. 1 were only marginally deflected by the stream.
Identification of processes that influence concentrations in the groundwater
The sampled concentrations in the wastewater in February 2008, those in the Bauern- Fig. 3 . The wastewater concentrations were included to show how CSO's from the connected sewer can affect the water composition in the Bauerngraben. The resulting concentrations of wastewater constituents in the Bauerngraben during CSO's may be lower than in the wastewater due to dilution from pre-15 cipitation and mixing with water from the Bauerngraben, but can still be higher than in the groundwater. Gasperi et al. (2008) compared wastewater concentrations during wet-weather and dry-weather conditions and found out that concentrations during wetweather conditions are not strictly reduced. The erosion of in-sewer deposits formed within sewer during dry periods was identified as a potential reason for this. However,
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measurements in the wastewater during precipitation events were not undertaken to prove this. Thus the shown wastewater concentrations can be helpful to identify CSO's as a cause of temporally high concentrations of the investigated substances in the Bauerngraben. Temporally high concentrations during CSO's are accompanied by high water levels in the Bauerngraben that induce bank storage (Li et al., 2008) . The out-to identify processes (a) to (h) that influence the observed M CP 's depending on the components' transport properties. In the following section we thus discuss M CP , J CP and M ex substance by substance. Process (f) hydrodynamic dispersion and mixing with groundwater recharge was not included in the detailed discussion because the short flow path of approximately 32 m between the up-and downstream wells and the 5 floodplain loam cover of the observed aquifer reduce the influence of this process. can originate from CSO's, because concentrations in the wastewater are higher than in the groundwater. Because a high ∆M CP (especially in streamtube 2) cannot be explained by exfiltration from the Bauerngraben alone, we thus assume an additional Cl − 5 source in the groundwater or in the streambed that could not be identified with the observed concentrations.
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Figure 3 shows higher NO − 3 concentrations in the Bauerngraben than in groundwater. Positive ∆M CP s as a result of (e) mixing of groundwater with exfiltration water seem to 10 be reasonable due to the high mobility of NO − 3 in groundwater that is not affected by sorption processes (b) retardation in the streambed and (g) retardation in groundwater (Freeze and Cherry, 1979) . Measured low oxygen concentrations at the test site indicate that denitrification may cause (c) degradation in the streambed and (h) degradation in groundwater. NO 
SO
2− 4
We identify (e) mixing of groundwater with exfiltration water as the most important process at the field site which is affecting SO 
CAF
A gradient between surface water and groundwater concentrations points to a possible input of CAF into the groundwater via (e) mixing of groundwater with exfiltration water. Higher concentrations in the wastewater than in the Bauerngraben indicate that (a) temporally high concentrations in the stream may occur. Lower limits of CAF concentrations that are below the LOD in surface water and groundwater can be explained by natural elimination processes. Buerge et al. (2003) reported biodegradation as an important elimination process of CAF in surface water. In contrast, sorption was identified to be negligible by the same authors, due to a low octanol-water partition-15 coefficient p OW ≈0. Attenuation of organic contaminants in streambeds was reported by Hoehn et al. (2007) . Thus we assume that CAF loadings are reduced by (c) degradation in the streambed and (h) degradation in groundwater, but not by (b) retardation in the streambed and (g) retardation in groundwater. The reduction processes lead to a negative ∆M CP in streamtube 1. Parts of the CAF input from the Bauerngraben must 20 be degraded in the streambed because the input does not increase M CP11 above the level of M CP13 . In contrast, streamtube 2 revealed a positive ∆M CP . Assuming similar degradation conditions in the groundwater of both streamtubes, the additional mass flow of CAF in streamtube 2 must originate from the Bauerngraben. Whether this is an effect of reduced degradation in the streambed of streamtube 2 or of the increased 25 Q ex in streamtube 2 cannot be distinguished with the applied method. An influence of process (d) exchange with storage pools in the streambed may increase or decrease concentrations in the groundwater depending on the degradation rate in the pore water 4223 of the streambed.
NON
Groundwater concentrations of NON are below concentrations in the Bauerngraben. Thus (e) mixing of groundwater with exfiltration water may lead to positive ∆M CP 's, but observed negative ∆M CP 's in both streamtubes reveal that ∆M CP is dominated by (g) 5 retardation in groundwater and (h) degradation in groundwater. Due to the hydrophobic character of NON (Ying et al., 2008) , its concentration may be affected by sorption onto streambed sediments. Degradation in streambeds was reported in Bradley et al. (2008) . Considering these studies, the outflow concentrations from the Bauern- 
Conclusions
This study shows that the application of integral pumping tests (IPT's) can provide detailed information about the influence of losing streams on the groundwater composition. 4 . The comparison of the concentrations in the groundwater with additional concentration measurements in wastewater and surface water at the test site were used to identify processes that influence the concentrations at the IPT wells downstream. Accordingly, the streambed was recognized as an important storage area, but also as an important 15 area where degradation processes of the wastewater constituents occurs. Wastewater concentrations indicate that combined sewer overflows (CSO's) can induce temporally high concentrations of wastewater constituents in the target stream and thus can influence the groundwater composition at the test site. The results show that losing streams can be a relevant source of inorganic wastewater constituents. For the micropollutants, 20 investigated here, losing streams seem a less important source due to the degradation potential of the streambed. The proposed IPT method can be operated at other field sites to investigate the influence of small streams on groundwater quality. Due to the significant effort required to carry out an IPT, a complete survey of a stream is impossible. Another limitation is that the method gives only integral ∆M values, therefore 25 the distinction between different sources (groundwater or surface water) or processes (retardation or degradation) is difficult. Despite these limitations, this study shows that IPT's can be a powerful tool to quantify the influence of losing streams on groundwater quality. Table 1 . Mass flow rates M CP , mass fluxes J CP of the different control planes and exfiltration mass flow rates M ex for two streamtubes. The water flow Q CP through the respective control planes, the width of the streamtubes b 1 and b 2 as well as the affected stream length L BG1 and L BG2 of the two streamtubes are given.
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21 Table 1 . Mass flow rates MCP, mass fluxes JCP of the different control planes and exfiltration mass flow rates Mex for two streamtubes. The water flow QCP through the respective control planes, the width of the streamtubes b1 and b2 as well as the affected stream length LBG1 and LBG2 of the two streamtubes are given. 
